The basic unit of skeletal muscle in all metazoans is the multinucleate myofibre, within which individual nuclei are regularly positioned 1 . The molecular machinery responsible for myonuclear positioning is not known. Improperly positioned nuclei are a hallmark of numerous diseases of muscle 2 , including centronuclear myopathies 3 , but it is unclear whether correct nuclear positioning is necessary for muscle function. Here we identify the microtubuleassociated protein ensconsin (Ens)/microtubule-associated protein 7 (MAP7) and kinesin heavy chain (Khc)/Kif5b as essential, evolutionarily conserved regulators of myonuclear positioning in Drosophila and cultured mammalian myotubes. We find that these proteins interact physically and that expression of the Kif5b motor domain fused to the MAP7 microtubule-binding domain rescues nuclear positioning defects in MAP7-depleted cells. This suggests that MAP7 links Kif5b to the microtubule cytoskeleton to promote nuclear positioning. Finally, we show that myonuclear positioning is physiologically important. Drosophila ens mutant larvae have decreased locomotion and incorrect myonuclear positioning, and these phenotypes are rescued by muscle-specific expression of Ens. We conclude that improper nuclear positioning contributes to muscle dysfunction in a cell-autonomous fashion.
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To identify the mechanisms governing nuclear positioning in muscle, we performed an F 3 recessive ethylmethane sulphonate mutagenesis screen using the apterousME-NLS::dsRed transgenic line (apRed) 4 , which expresses dsRed in the nuclei of the four lateral transverse muscles of the Drosophila embryo. At the end of embryogenesis, the myonuclei are distributed throughout the muscles (Fig. 1a, b ). One mutation resulted in clustered nuclei near the ventral end of each lateral transverse muscle. Within each hemisegment these clusters resembled the Nike trademark, so we named the mutant swoosh (swo) ( Fig. 1a ).
Further analysis of swo mutant embryos indicated that myoblast specification 5 , fusion 5 , muscle elongation 6,7 and attachment 7 occur normally. The only notable difference in swo mutant muscles is a ventral bulge in the cell body that correlates with the cluster of nuclei ( Supplementary Figs 1 and 2) . These data suggest that the clustering of nuclei in swo mutants is a genuine nuclear positioning defect.
To examine nuclear movement, we performed in vivo time-lapse imaging on apRed control and swo,apRed mutant embryos ( Fig. 1b ). In stage 14 apRed control embryos (10.5 h after egglaying (AEL)), nuclei in the four lateral transverse muscles group near the ventral end of each growing myotube in the hemisegment. During stage 15 (11.5 h AEL) after the completion of myoblast fusion and muscle attachment, the nuclei within each myotube begin to separate into distinct dorsal and ventral clusters. These clusters finish their migration during stage 16 (15 h AEL) and each cluster resides at an opposite end of the myotube. Finally, during stage 17 (18 h AEL), the six to eight nuclei in each lateral transverse muscle move from the clusters and distribute evenly throughout each lateral transverse muscle. The entire process of nuclear movement spans 7 h (Supplementary Movie 1). Time-lapse imaging of swo,apRed mutant embryos demonstrated that the nuclei fail to undergo the initial separation into dorsal and ventral clusters during stage 15 and remain clustered at stage 17, indicating that swo does not simply cause a delay in myonuclear positioning (Supplementary Movie 2). In addition, the nuclei in every other somatic muscle examined in swo mutant embryos also failed to separate (Supplementary Fig. 1e ).
We determined that the swo flies carry a nonsense mutation in ensconsin (ens), a gene encoding a MAP. Expression of haemagglutinintagged Ens specifically in the developing mesoderm and muscle rescued the nuclear positioning phenotype in swo embryos, confirming that the mutation in ens is responsible for the nuclear positioning defect. Depletion of ens solely in the developing mesoderm and muscle by RNA-mediated interference recapitulated the phenotype we observed in the swo mutant (renamed ens swo ), and known ens mutant alleles failed to complement ens swo ( Supplementary Figs 1c and 2a , and data not shown). These results indicate that ens is required autonomously within muscle for proper myonuclear positioning. We also found that nuclear position was disrupted in ens swo oocytes 8 ( Supplementary Fig.  3a , b), but not in ens swo photoreceptor cells ( Supplementary Fig. 3c , and data not shown) 9 , indicating that Ens is necessary for some, but not all, nuclear positioning processes in Drosophila.
Four different genes in the mouse genome encode Ens orthologues: Map7 (E-MAP-115, Ensconsin), Map7D1, Map7D2 and Map7D3 ( Supplementary Fig. 2c ). Using cultures of C2C12 myoblasts and primary mouse myoblasts, we examined the effect on nuclear positioning in myotubes depleted of each Ens orthologue by short interfering RNA (siRNA) ( Fig. 1 and Supplementary Fig. 4 ). MAP7 depletion caused a significant increase in the aggregation of nuclei within a myotube but did not affect myoblast fusion or myotube differentiation ( Fig. 1c, d , Supplementary Fig. 4d , e and Supplementary Movies 3-6). Depletion of MAP7D1, MAP7D2 or MAP7D3 did not affect nuclear positioning ( Supplementary Fig. 4b ). Expression of full-length MAP7 in MAP7-depleted myotubes restored nuclear alignment ( Fig. 1d and Supplementary Fig. 6h ). Thus, MAP7 is required for nuclear positioning in both Drosophila muscles and cultured mammalian myotubes.
No major defects on the microtubule network were observed in ens swo mutant embryos or MAP7-depleted myotubes (Supplementary Figs 2g-h and 6g). Therefore, to gain mechanistic insight, we conducted a yeast two-hybrid screen to find Ens-binding proteins and identified kinesin heavy chain (Khc) ( Supplementary Fig. 5 ). Both a kinesin-null mutation (khc 8 ) and a motor-dead mutation (khc 4 ) 10 disrupted myonuclear positioning without affecting muscle elongation and attachment ( Fig. 2a and Supplementary Fig. 5a ). Likewise, siRNA-mediated depletion of the mammalian Khc orthologue Kif5b (ref. 11) in primary and C2C12 myotubes disrupted nuclear alignment similarly to MAP7 depletion without affecting myotube formation or differentiation ( Fig. 2b, Supplementary Fig. 6h ). These data indicate that Khc, with a functional motor domain, is required for proper nuclear positioning in both Drosophila muscles and cultured mammalian myotubes.
We next examined whether Ens and Khc interact functionally to position myonuclei. Embryos heterozygous for ens or khc position their myonuclei normally. However, embryos that were doubly heterozygous for ens swo and khc showed defective nuclear positioning similar to that in the homozygous ens embryos (Supplementary Fig. 5 ). This demonstrates that ens and khc interact functionally and that the dosage of these genes is important for proper nuclear positioning.
We next tested whether Ens/MAP7 and Khc/Kif5b interact physically. Endogenous Kif5b co-immunoprecipitated with expressed full-length green fluorescent protein (GFP)-tagged MAP7, independently of microtubules ( Fig. 3a, b ). Using fragments of MAP7, we mapped the Kif5b interaction to the carboxy-terminal coiled-coil domain of MAP7 (CC2), which was confirmed by reciprocal co-immunoprecipitation ( Fig. 3a-c) . Similarly, fragments of Kif5b were used to identify the C-terminal region (Kif5b-motorless) as the MAP7-interacting domain ( Fig. 3a, d, e ). The C-terminal coiled-coil domain of MAP7 therefore interacts with the C-terminal region of Kif5b (Fig. 3) .
To test whether the specific interaction identified above between Ens/MAP7 and Khc/Kif5b is required for nuclear positioning, we expressed chimaeras consisting of the Kif5b motor domain 12 fused to fragments of MAP7 that contained (K-EMTB and K-EMTB-M) or lacked (K-N-term) the microtubule-binding domain (EMTB) 13 in Map7 siRNA-depleted myotubes (Fig. 3a, f, g) . Expression of chimaeras that contained the MAP7 EMTB rescued the alignment of nuclei in MAP7-depleted myotubes, whereas expression of the EMTB domain alone, or a chimaera that lacked the MAP7 EMTB (K-N-term) did not LETTER RESEARCH ( Fig. 3f, g) . These results indicate that the function of MAP7 in nuclear positioning is to link Kif5b to microtubules. To investigate the physiological impact of mispositioned nuclei on muscle function in vivo, we examined larval motility 14 . ens mutant larvae move significantly more slowly than controls ( Fig. 4b and Supplementary Fig. 7d ). Moreover, analysis of the muscle structure in tracked larvae revealed that the myonuclei in ens swo mutants were 33% closer together than in controls (Fig. 4a, c and Supplementary Fig.  7a, e ). Sarcomere structure 15 , t-tubules 16 , neuromuscular junctions 17 , nuclei number ( Supplementary Fig. 7c , e, f, h, i) and mitochondrial localization ( Supplementary Fig. 8 ) were unchanged in ens mutants compared with controls. Expression of Ens in the mesoderm and muscle during embryonic development or in muscle starting at the L2 larval stage in ens mutants rescued the nuclear positioning and motility defects in L3 larvae (Fig. 4a-c and Supplementary Fig. 7a, d,  g) , demonstrating a strong correlation between aberrant myonuclear position and decreased muscle function.
These experiments define a subset of the nuclear behaviours that occur during muscle differentiation, and demonstrate conservation across species at both the cellular and molecular levels. We find that Ens/MAP7 and Khc/Kif5b are critical for myonuclear positioning and are not required for fusion and myofibre formation. Moreover, these proteins interact genetically and physically, and the physical interaction is necessary for proper nuclear positioning. Furthermore, our results argue that the correct spacing of myonuclei is required for proper muscle function.
Within a myotube, distinct microtubule networks emanate from each myonucleus, producing regions of overlapping antiparallel microtubules [18] [19] [20] . Furthermore, Ens/MAP7 functions to load Khc/ Kif5b onto microtubules 8 . The results presented here therefore suggest a molecular mechanism for nuclear positioning. Adjacent nuclei could be positioned relative to each other by Ens/MAP7 and Khc/Kif5b interacting with and sliding antiparallel microtubules that have their minus ends anchored to the nuclear envelope, in a similar manner to the mechanism by which the Eg5 kinesin facilitates spindle elongation 21 (Supplementary Fig. 10 ). This mechanism is distinct from the kinesin-1-dependent nuclear position in the Caenorhabditis elegans hypodermis, in which Khc is anchored to the nucleus by kinesin light 
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chain (Klc) and the KASH-domain protein Unc-83, which drive the nucleus unidirectionally on microtubules 22 . We find that klc mutants in Drosophila do not show defects in the positioning of nuclei that we describe here. Additionally, overexpression of dominant-negative (dn)-KASH-domain constructs in C2C12 myotubes that remove KASH proteins from the nuclear envelope and disrupt the function of the LINC (linker of nucleoskeleton and cytoskeleton) complex and nuclear anchoring 23, 24 does not affect nuclear positioning (Supplementary Fig. 9 ). Taken together, these results suggest that kinesin is not interacting directly with the nucleus; they therefore provide evidence for the sliding mechanism. Patients suffering from various muscle diseases, including centronuclear myopathies, show muscle weakness with mislocalized myonuclei 3 . However, it remains unclear whether these mispositioned nuclei contribute to muscle weakness or are simply a result of impaired myofibre function 3 . Our results show that the ability to position myonuclei correctly correlates with better muscle function. Because nuclear misposition is the first observable defect in zygotic ens mutant embryos, we speculate that this is a cause of the observed muscle weakness. Mispositioned nuclei might lead to the observed muscle weakness as a result of a disruption in the size and spacing of myonuclear domains throughout the muscle 25 or in the distribution of subcellular structures whose positioning depends on correct nuclear spacing. We rescue nuclear position, muscle function, and viability not only by supplying Ens during embryogenesis but also by expressing Ens solely in mature muscles later in larval development. We therefore propose that correcting nuclear positioning defects in patients with muscle diseases might benefit muscle strength and improve muscle function. The model systems that we present here provide a platform with which to identify additional nuclear positioning genes and assess their function, and to screen for potential drugs to alleviate muscle weakness due to disease. Each of the indicated Gal4 drivers is expressing UAS-ensHA in a homozygous ens swo mutant background. Error bars, s.e.m. Two asterisks, P , 0.01; three asterisks, P , 0.001. c, Nearest-neighbour analysis of nuclei within muscle VL3 from segment A3 from L3 larvae of the indicated genotypes. Error bars indicate s.e.m. Asterisk, P , 0.05; three asterisks, P , 0.001.
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